The male sex chromosome disorder, 47,XYY syndrome (XYY), is associated with increased risk for social-emotional difficulties, attention-deficit hyperactivity disorder (ADHD) and autism spectrum disorder (ASD). We hypothesize that increased Y chromosome gene copy number in XYY leads to overexpression of Y-linked genes related to brain development and function, thereby increasing risk for these phenotypes. We measured expression in blood of two Y genes NLGN4Y and RPS4Y in 26 boys with XYY and 11 male controls and evaluated whether NLGN4Y expression correlates with anxiety, ADHD, depression and autistic behaviors (from questionnaires) in boys with XYY. The XYY cohort had increased risk of ASD behaviors on the social responsiveness scale (SRS) and increased attention deficits on the Conners' DSM-IV inattention and hyperactive scales. In contrast, there was no increase in reported symptoms of anxiety or depression by the XYY group. Peripheral expression of two Y genes in boys with XYY vs. typically developing controls was increased twofold in the XYY group. Results from the SRS total and autistic mannerisms scales, but not from the attention, anxiety or depression measures, correlated with peripheral expression of NLGN4Y in boys with XYY. Males with XYY have social phenotypes that include increased risk for autism-related behaviors and ADHD. Expression of NLGN4Y , a gene that may be involved in synaptic function, is increased in boys with XYY, and the level of expression correlates with overall social responsiveness and autism symptoms. Thus, further investigation of NLGN4Y as a plausible ASD risk gene in XYY is warranted. The male sex chromosome aneuploidy disorder 47,XYY (XYY syndrome) is associated with an increased risk for neurodevelopmental phenotypes, including developmental delays, attention-deficit hyperactivity disorder (ADHD), learning disabilities, social-emotional difficulties and autism spectrum disorders (ASDs) (Bardsley et al. 2013; Cordeiro et al. 2012; Geerts et al. 2003; Margari et al. 2014; Robinson et al. 1990; Ross et al. 2009 Ross et al. , 2012 Tartaglia et al. 2012) . Additional neurocognitive phenotypes in XYY include increased difficulties with language and an increased frequency of seizure disorders (present in 13%) (Bardsley et al. 2013) . Consecutive newborn screening series show that XYY occurs in 1 in 1000 males, but it is diagnosed much less frequently, most likely because associated features such as tall stature or developmental delays are not distinctive (Robinson et al. 1990 ). Testicular function is generally normal, unlike in other sex chromosome disorders such as 47,XXY Klinefelter syndrome (KS). In addition, XYY is not typically associated with major cognitive impairment or intellectual disability. General intelligence is typically normal or only mildly diminished, although learning disabilities are common (Bender et al. 1984; Leggett et al. 2010; Netley 1986; Robinson et al. 1985) . While the behavioral phenotypes of XYY and XXY share an increased risk for language and learning disabilities, the rate of ASD in males with XYY ranges from 19% to 50% in XYY cohorts diagnosed prenatally or postnatally, compared with 5-10% in XXY Cordeiro et al. 2012 ).
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To date, there have been no investigations of potential pathogenic genetic mechanisms of the social behavior findings and increased ASD risk in XYY. However, proposed that an extra copy of NLGN4Y might be associated with elevated risk of autism in boys with XYY, including in a prenatally diagnosed cohort. XYY syndrome represents a novel, genetically homogeneous model for elucidating Y chromosome-related genetic influences on behavioral phenotypes such as ASD. Specifically, we hypothesize that the pathogenesis of social findings in XYY is related to the extra Y chromosome and associated overexpression of Y chromosome genes. An essential requirement for a gene dosagedependent phenotypic mechanism is copy number-dependent expression of the gene. As an initial test of the Y gene overexpression hypothesis, we measured peripheral blood expression of the gene NLGN4Y , an ASD candidate gene by virtue of its high similarity to the potential ASD gene NLGN4X , in boys with XYY and age-matched typically developing (TD) male controls. For comparison, we also measured expression of a ubiquitously expressed ribosomal protein gene, RPS4Y . We predicted that both genes would have twofold increased expression in boys with XYY compared to TD control boys. Second, we evaluated whether NLGN4Y expression correlated with behavioral features of XYY, including ADHD symptoms, anxiety, depression and autistic behaviors. We hypothesized that the expression of NLGN4Y would correlate with autism-related behaviors.
Materials and Methods
Boys with karyotype 47,XYY, aged 4-14 years (n=26), were evaluated at Thomas Jefferson University. Subjects were recruited from a broad geographic and socioeconomic distribution through the support of the national XYY advocacy organization (KS&A), by direct referral through an established referral network of university and community-based pediatricians, and through the genetics clinic at A. I. duPont Hospital for Children. All boys with XYY had postnatal karyotypes confirming their non-mosaic XYY diagnoses. Ascertainment bias was minimized because all subjects were recruited on the basis of prior diagnoses of XYY without consideration of other diagnoses. A substantial proportion (10/21, 48%) had been diagnosed prenatally, which would also reduce bias.
Age-matched, TD male controls (n=11) were recruited during the same time interval as the XYY cohort from study fiyers and our pediatrics clinics, had no history of previous psychological or special educational treatment, and were not taking any medications for psychiatric diagnoses. These controls were not karyotyped but are presumed to be 46,XY on the basis of the low prevalence (<0.5%) of sex chromosome abnormalities in normal populations.
The study was approved by the Human Studies Committee at Thomas Jefferson University and informed consent and assent (age-appropriate) was obtained from all participating families.
Socioeconomic status
Socioeconomic status was derived from the Hollingshead 2-Factor Index of Social Status based on education and occupation of parents for children (Hollingshead & Redlich 1958) .
Study evaluation
Participants (XYY and TD controls) were evaluated with a protocol that included medical and developmental-behavioral history, physical examination, cognitive testing and completion of standardized behavioral questionnaires (two parent questionnaires and two child questionnaires). Blood was also collected from all participants for genetic testing.
Cognitive evaluation
Subjects were individually administered the differential ability scales (DAS-2) (Elliott 1983) to assess cognitive abilities. Raw scores were converted to standard scores (mean of 100, SD of 15), based on the age-and sex-based norms for children aged 4-17 years. Index scores examined were general conceptual ability (full-scale IQ), verbal cluster (verbal IQ) and nonverbal cluster (performance IQ, non-verbal spatial ability).
Parent questionnaires
The social responsiveness scale-The social responsiveness scale (SRS) (Constantino 2005) assesses symptoms reported by parents over the past 6 months in five domains: social awareness, social cognition, social communication, social motivation and autistic mannerisms in children aged 4-18 years. The SRS is a validated screening tool for autism and scores in the severe range are strongly associated with the clinical diagnosis of ASD (Constantino 2005) . Raw scores are converted into sex-normed t-scores, with a mean of 50 and an SD of 10 and are classified into categories of normal (0-59), mild to moderate (60-75) or severe (76 or higher), to assist in determining the presence and degree of social deficits and whether symptoms may be consistent with those observed in individuals with ASD.
Conners' parent rating scale -revised-Conners' parent rating scale -revised long version (CPRS-R) (Conners 1997 ) is a standardized (age and sex) measure assessing parental report of attention problems, hyperactivity, impulsivity and other behavioral symptoms associated with ADHD in children aged 3-17 years. Subscales include oppositional behaviors, cognitive problems/inattention, hyperactivity, anxious-shy, perfectionism, social problems and psychosomatic symptoms. Three continuous Diagnostic and Statistical Manual (DSM)-IV-based ADHD scores (inattentive, hyperactive/impulsive and combined) are derived by summing the total points across appropriate sets of item and converting to t-scores. Scores of 6 or more of the 18 that comprise the DSM-IV ADHD criteria were tallied for inattentive symptoms or hyperactive-impulsive symptoms.
Child self-report questionnaires
Participants were asked to complete two self-report questionnaires to assess symptoms of anxiety and depression. If the children were unable to read the questionnaires, they were read to them.
Children's depression inventory-Children's depression inventory (CDI) (Kovacs 2003 ) is a self-report measure of behavioral signs and symptoms of depression in children aged 6-17 years with well-established reliability, internal consistency and validity. Total CDI score refiects the presence of overall depressive symptoms. The CDI is reported as tscores (mean=50, SD=10) normed for age and sex, and total CDI score refiects the presence of overall depressive symptoms.
Revised child's manifest anxiety scale-Revised child's manifest anxiety scale (RCMAS) (Reynolds & Richmond 1978 ) is an instrument which measures self-reported anxiety symptoms for children aged 6-19 years. The 37 items measure subjective, motor and physiological anxiety symptoms. Scales include total anxiety, physiological, worry/ oversensitivity and social concerns and are reported as t-scores (mean=50, SD=10) normed for age and sex.
Genetic testing
Blood was collected from boys with XYY and TD males using the PAXGene system (QIAGEN, Valencia, CA, USA) and sent via overnight courier to UT Southwestern for RNA isolation according to the manufacturer's protocols. RNA was reverse-transcribed to cDNA using the LifeTechnologies Applied Biosystems, Foster City, CA, USA, High Capacity RNA-to-cDNA kit (#4387406). NLGN4Y and RPS4Y transcript levels were quantitated with LifeTechnologies Applied Biosystems Taqman assays Hs00382154_m1 and Hs00606158_m1, respectively, and normalized to the control gene, HPRT1 (#4326321E). Assays were run in triplicate on an Applied Biosystems 7900 HT Real Time instrument, and samples with replicate CV >20% were excluded from statistical analyses. A single RNA standard prepared from pooled human male brain tissues (a gift from Dr Carol Tamminga, UT Southwestern) was used to generate standard curves for assays so that expression data collected from different plates could be merged.
Statistical methods
All results are presented as mean ± SD scores, standard scores or t-scores. Statistical comparisons included t-tests, Pearson correlations and Chi-squared test comparisons. Correlations between behavioral findings and gene expression were evaluated in the XYY group only because the number of controls (11) was too low to analyze separately. Results were considered statistically significant at P ≤ 0.05. In addition, in order to compare correlations of NLGN4Y and RPS4Y expression to behavioral findings in the SRS results within the XYY population, Hotelling's t-test to compare correlated correlations, which were based on the bivariate correlations, was used.
Results

Participants (XYY and age-matched male controls)
A total of 26 boys with XYY were evaluated in this study. Their mean ± SD age (range) was 9.6 ± 2.9 years (4.0-14.4 years). Twenty five of the 26 (96%) boys evaluated were Caucasian. Eleven boys were diagnosed before 2 years of age, including nine by routine prenatal testing and two in infancy due to developmental delays. Fourteen boys were diagnosed postnatally between ages 2 and 12 years: five for language delay and/or behavior issues, seven for miscellaneous reasons (other developmental delay, dysmorphic features and mother's request) and one was diagnosed after age 12 years for learning issues. Four of the 26 (15%) participants had a history of seizures -two with a history of absence seizures and two had significant febrile seizures in childhood. None were receiving seizure medications at the time of study evaluation. One patient had previous diagnosis of Tourette's syndrome, and 16 of the 25 had mild resting or intention tremors. Physical, cognitive and behavioral results of a subset of these XYY subjects and controls were previously reported (Bardsley et al. 2013; Cordeiro et al. 2012; Ross et al. 2012 ).
We also studied 11 TD boys, aged 4.2-13.8 years. None had any previous major medical or psychological diagnoses, and none were receiving medications. Eight of the 11 were Caucasian (Table 1) .
Patient demographics and cognitive test results
Mean age was similar in both groups, but the controls were about 1 year younger than the XYY subjects. Mean height weight, and head circumference SDS (Table 1) were similar in both groups. The control subjects had, on average, significantly higher cognitive scores on the DAS verbal, non-verbal and general conceptual ability scales (Table 1) .
Behavioral questionnaires in XYY vs. controls
Parents completed the SRS and the CPRS-R. The children completed the RCMAS and the CDI ( Table 2 ). The sample size for each assessment varies because some participants were not within the normative ages of the assessments and some data were incomplete or missing. The behavioral results for the TD controls are presented for the reader without statistical comparison with the XYY group, based on the small numbers of subjects.
Social responsiveness scale
The t-scores of different domains of social functioning and autistic mannerisms are compared in boys with XYY vs. TD controls in Table 2 . Mean t-scores on the SRS were increased in the XYY group as a whole, indicating increased social skills difficulties and autistic behaviors. Based on SRS total t-scores, 5 of the 18 in the XYY group were in the mild-moderate range and 7 were in the severe range. One of the six controls had a total tscore in the mild-moderate range. All mean SRS subscales t-scores were also elevated in the XYY group, particularly autistic mannerisms, where 7 of 18 in the XYY group were in the mild-moderate range and 7 were in the severe range. One of the eight controls had an autistic mannerisms t-score in the mild-moderate range.
Conners' rating scale
On the basis of the Conners' rating scale, 6 of the 26 boys in the XYY group had symptoms consistent with DSM-IV criteria for inattentive subtype, two for hyperactive-impulsive subtype and one for combined subtype. For controls, one of the 11 had possible diagnosis of DSM-IV inattentive subtype, and none met criteria for hyperactive-impulsive or combined subtype. Mean t-scores on the DSM-IV ADHD scales for the XYY group were, on average, greater than 1 SD over the mean and higher than the TD control group (Table 2) . For the subscales, mean t-scores were generally higher in the XYY group vs. TD controls for the oppositional, cognitive problems/inattention, hyperactivity and social problems subscales, but not for the anxiety-shy, perfectionism or psychosomatic subscales.
Child self-report anxiety and depression behavioral questionnaire results
On responses from self-report questionnaires of anxiety (RCMAS) and depression (CDI) (Table 2), the XYY group reported themselves as in the normal range for total RCMAS and CDI scores and their subscales, thereby indicating an overall lack of significant anxiety or depressive characteristics on these instruments. Likewise, mean RCMAS and CDI t-scores were similar to findings from the TD control group.
NLGN4Y and RPS4Y expression results
We measured expression in peripheral blood of two Y genes, NLGN4Y and RPS4Y , in 26 boys with XYY and 11 age-matched, healthy TD male controls. For both genes, the mean steady-state mRNA level, normalized to non-Y housekeeping gene HPRT1, was increased approximately twofold (P < 0.0001) in XYY subjects compared with controls (Fig. 1) . The twofold increase in expression of Y genes in XYY males was consistent despite the fact that the two genes were expressed at very different levels, with RPS4Y having much higher abundance, as refiected by the Y axes (Fig. 1) . Expression of both genes was similar in prenatally and postnatally diagnosed XYY cohorts, in XYY cohorts with and without seizures, and with and without tremors (Table 3) . Mean levels of NLGN4Y were increased, on average, in the four boys with XYY with a positive seizure history, without statistical significance. Expression of RPS4Y was similar in both groups.
We next evaluated whether total scores on the SRS, Conners' rating scale, CDI and RCMAS were related to NLGN4Y or RPS4Y expression in the XYY cohort (Table 4) (Fig. 1) . Statistical comparison of two correlation coefficients using Hotelling's t-test was significantly different for SRS autistic mannerisms (P=0.038) and approached significance for SRS total (P=0.07). For the Conners' rating scale, CDI and RCMAS, none of the total or subscale scores were correlated with NLGN4Y or RPS4Y expression. None of the other factors including age, verbal function, general conceptual ability or prenatal vs. postnatal diagnosis (Table 4) 
Discussion
This cross-sectional study evaluated behavioral features in 26 boys with XYY, using the SRS to measure autistic features: the Conners' rating scale for ADHD symptoms, the RCMAS for anxiety symptoms and the CDI for depressive symptoms. Our results support previously published studies which show an increased risk of ASD and ADHD symptoms in boys with XYY compared to TD boys (Bardsley et al. 2013; Cordeiro et al. 2012; Margari et al. 2014; Ross et al. 2012) . ASD-related symptoms, as reported on the SRS, and attention-related behaviors on the Conners' rating scale including DSM-IV inattention and hyperactive were increased in the XYY group as a whole (based on t-scores), and compared with the TD control group. In contrast, on the RCMAS and the CDI, there was no increase in reported symptoms of anxiety or depression reported by boys in the XYY group as a whole, or compared with the control group. While anxiety and depression symptoms have previously been reported to be more common in XYY, this association is less strongly associated with XYY than the ADHD-related behaviors (inattention, hyperactivity and impulsivity) and ASD symptoms (Bardsley et al. 2013; Cordeiro et al. 2012; Margari et al. 2014; Ross et al. 2012) .
Analysis of peripheral expression of two Y chromosome genes in boys with XYY vs. TD control boys showed that expression was increased twofold in XYY. This was predicted given the presence of a second Y chromosome, but the literature surprisingly lacks evidence showing copy number-dependent expression of Y chromosome genes in vivo. A novel finding in this study is that measures of autistic behaviors (the total SRS and SRS autistic mannerism T-scores) correlated with peripheral expression of the gene NLGN4Y in boys with XYY, while measures of attention, anxiety and depression did not.
Approximately 19-50% of males with XYY (Bardsley et al. 2013; Lee et al. 2012 ) satisfy diagnostic criteria for ASD, and XYY males are an order of magnitude more prevalent in idiopathic ASD cohorts screened for cytogenetic or copy number variation (CNV) than in the general population (Rosenfeld et al. 2010) . Both small and large Y chromosome duplications have been reported in 0.5-12% of cytogenetically screened autism populations (Li et al. 1993; Vorstman et al. 2006; Wassink et al. 2001) . Other phenotypic features in XYY that overlap with the idiopathic ASD population include difficulties with language, and an increased risk of impulsivity and oppositional behaviors (Robinson et al. 1990; Ross et al. 2012; Theilgaard 1984; Welch 1985) , as well as seizure disorders (present in 13%) (Bardsley et al. 2013) .
Heritability studies have shown that genetic factors are important in studying behavioral phenotypes, but dissecting out the relationships among genes and behavioral phenotypes such as ASD is confounded by both genetic heterogeneity and the paucity of neurobiological models. These problems can be circumvented by studying clinical phenotypes and biomarkers for genetically defined subgroups such as XYY. We and others hypothesized that increased Y chromosome gene copy number in XYY leads to overexpression of one or more Y-linked genes related to brain development and function, thereby increasing risk for ASD in XYY. The 4:1 male predominance for ASD (Newschaffer et al. 2007 ) also suggests involvement of sex-linked genes.
One Y gene in particular, neuroligin 4Y (NLGN4Y ), is an intriguing XYY ASD candidate . Neuroligin 4 encodes a member of the neuroligin family of transsynaptic cell adhesion molecules that bind neurexins and stabilize excitatory and inhibitory synaptic activity (Hoon et al. 2011; Jamain et al. 2003; Zhang et al. 2009 ). Genetic studies have implicated synaptic molecules, including neuroligins and neurexins, in the pathogenesis of ASD in some studies (Daoud et al. 2009; Jamain et al. 2003; Powell & Boucard 2010) but not in others (Blasi et al. 2006; Gauthier et al. 2005; Vincent et al. 2004; Ylisaukko-oja et al. 2005) . Included among these are neuroligin 4X (NLGN4X ) and neuroligin 4Y (NLGN4Y ), mutations of which have been found in rare sporadic and familial forms of ASD (Jamain et al. 2003; Laumonnier et al. 2004; Yan et al. 2008 ).
Evidence supporting a role of individual Y genes in ASD is inconclusive (Baron-Cohen et al. 2011) . Genes in the non-recombining region of the Y chromosome (95% of Y) cannot be studied by linkage and have generally not been included in ASD genome-wide association studies or focused CNV studies. There is evidence that mutations in non-coding promoter sequences or CNV of NLGN4X or other neuroligin genes, leading to gain of function, can alter synaptic function. For example, neuroligin 3 duplication cosegregated with ASD in an extended family (Kaya et al. 2012) , de novo sequence variation in the NLGN4X promoter was associated with increased gene expression in an ASD subject (Daoud et al. 2009 ) and neuroligin 1 or 2 overexpression in mice, either by transgenic manipulation or as a result of increased expression of eIF4E or knockout of eIF4E-binding protein 2, led to ASD-like behavioral phenotypes (Dahlhaus et al. 2010; Gkogkas et al. 2013) . XY males express two neuroligin genes (NLGN4X and NLGN4Y ), whereas XX females express only one copy of NLGN4X due to X-inactivation (Castagne et al. 2011; Talebizadeh et al. 2006) , suggesting that greater total neuroligin 4 levels in males vs. females may contribute to the marked male bias of idiopathic ASD (Baron-Cohen et al. 2011; . These Y chromosome-related mechanisms may also be relevant in the context of the 4:1 male:female predominance of idiopathic ASD (Newschaffer et al. 2007) .
Our model for neuroligin 4 overexpression in the pathogenesis of ASD in XYY assumes that NLGN4X and NLGN4Y have overlapping expression patterns and serve redundant functions. While the mRNA expression patterns of NLGN4Y and NLGN4X are highly similar in the adult brain (Allen Brain Atlas), their developmental expression patterns are unknown. Moreover, NLGN4Y and NLGN4X expression has been examined only at the RNA and not at the protein level. It is also possible that there are subtle differences in the synaptic function of neuroligin 4X vs. 4Y. Last, an antisense transcript from the NLGN4Y locus in human embryonic stem cells has been described (Brandenberger et al. 2004) . Whether this transcript affects neuroligin 4Y protein levels is currently unknown.
Study limitations relate to the control sample being small, and to the potential for ascertainment bias in the XYY sample. If boys with XYY were diagnosed postnatally on the basis of developmental or behavioral issues, this could create a sampling bias for more severe behavioral features in our sample. Milder behavioral findings would perhaps have been found in a larger, prenatally diagnosed XYY cohort; however, subsets of boys with XYY ascertained without bias from newborn screening studies or prenatally also have behavior findings, including ASD Bender et al. 1984 Bender et al. , 1993 , suggesting that the association with the karyotype is genuine. Also, our main result showing the association between NLGN4Y expression and autistic symptoms was not affected by whether diagnosis was prenatal or postnatal.
Another limitation of this study is that our results were obtained from peripheral blood and may not refiect expression in brain. However, gene expression patterns of many genes in peripheral blood leukocytes and derivative lymphoblastoid cell lines are highly heritable and stable over time and can be used as intermediate phenotypes (Cheung et al. 2005) . Studies are beginning to relate expression of genes relevant to ASD, e.g. FMR1 and MECP2, in blood-derived lymphoblastoid cell lines and peripheral blood lymphocytes (Glatt et al. 2012) to ASD phenotypes. It was interesting to note that there is significant individual variation in expression of the Y genes tested, particularly among XYY subjects, which could relate to phenotypic variation. For NLGN4Y , expression in XYY was slightly more than double that in the XY cohort. In contrast, for RPS4Y, expression in XYY was about double the level in the XY cohort. In general, NLGN4Y is expressed in blood in lower levels than RPS4Y, by an order of magnitude. Thus, increased variation in NLGN4Y expression could be related to nonlinearity of the relationship between copy number and RNA expression, measurement error related to lower signal to noise ratio, stochastic effects of low-abundance gene transcription or to statistical outliers in small sample sizes. Another limitation is that we used a parent-report questionnaire for assessment of ASD symptoms. Our goal in future studies is to expand these findings using gold standard ASD diagnostic tools in a larger cohort of males with XYY.
Last, association studies relating peripheral gene expression to behavioral phenotypes do not parse causes vs. symptoms of ASD. Nonetheless, by integrating genetic and behavioral findings, prediction of behavioral and clinical outcome can be anticipated, shedding light on underlying gene -behavior relationships and the neurobiological pathways underlying such associations in XYY.
In summary, XYY represents a novel, genetically homogeneous model for elucidating Y chromosome-related genetic influences on ASD. In light of evidence that sex-differentiating mechanisms play an important role in the development of ASD (Baron-Cohen et al. 2011; Gillberg et al. 1984) , the strong likelihood that increased Y-chromosome dosage and increased risk of ASD are interrelated warrants further investigation. XXY syndrome is also of great interest in understanding the influence of the sex chromosomes on male brain development and behavior because XYY is associated with normal testicular function, in contrast to males with an extra X chromosome XXY, KS, who have both an extra sex chromosome and testicular failure.
Conclusions
These results support previous studies showing an increased risk of autism-related behaviors and ADHD symptoms in children with XYY syndrome. Further, expression of NLGN4Y , a gene that may be involved in synaptic function, is increased in boys with XYY vs. XY controls, and the level of expression correlates with more severe autism symptom scores, but not with attention, anxiety or depression symptoms. Thus, further investigation of NLGN4Y as a plausible ASD risk gene in XYY is warranted. XYY is a compelling genetic model for increased autism risk and may provide insight into the molecular basis for the male bias observed in the general ASD population. 
